In order to study brain activation during the formation of equivalence relations, 12 subjects underwent fMRI during matching-to-sample (MTS) tests of (1) previously trained arbitrary relationships between iconic stimuli and the untrained, emergent relations of (2) symmetry, (3) transitivity, and (4) symmetry with transitivity, plus a test of verbal¯uency (VF). Brain activation was similar in all MTS tasks and in the VF task. In particular, both types of task activated dorsolateral prefrontal cortex (DLPFC) and posterior parietal cortex bilaterally. However VF, but not the MTS tasks, activated Broca's area. In three of the four MTS tasks, behavioural accuracy was signi®cantly correlated with left lateralisation of DLPFC activity. Brain activation patterns during equivalence thus resembled those involved in semantic processing underlying language, without involving regions concerned with the simple sub-vocal articulation of stimulus names. NeuroReport
INTRODUCTION
The formation of equivalence relations may occur when human subjects have learnt a minimum number of arbitrary links to interconnect members of a novel set of stimuli. For example, in the set A, B, and C, subjects are taught that`if A, then B', and`if B, then C'. They may then, spontaneously (without any further training), be able to make all other possible connections between these stimuli in a way which conforms to the three mathematical criteria de®ning an equivalence set. These comprise symmetry (reversing the above trained relations so that`if B, then A', and`if C, then B'); transitivity (a double jump:`if A then C') and re¯exivity (identity):`if A, then A'. In practise adult subjects' ability to perform identity matching is usually taken for granted. The relationship`if C, then A' is often tested (as in the present experiment), and since it is a combination of symmetry and transitivity it is sometimes called the equivalence test.
The arbitrary matching-to-sample (MTS) paradigm (see Materials and Methods for details) is typically used to study equivalence class formation. To provide a choice of comparisons at least two potential equivalence classes, A1-B1-C1 and A2-B2-C2 are required. We used six such classes in the present experiment.
In recent years a considerable body of research has been done on stimulus equivalence [1±3] , and several different theoretical positions have been defended [4] . One reason for this interest is that despite the capacity of most vertebrate species to acquire the basic trained relations, only human subjects [5, 6] display the spontaneous emergence of novel relations satisfying the above criteria of equivalence (with a few possible exceptions e.g. [7] ). Furthermore, people too young to have speech, or those de®cient in the capacity for speech, also seem incapable of forming equivalence classes [8±10] . These observations pose interesting questions about the ontogenetic and phylogenetic development of language. Did a capacity for equivalence evolutionarily precede the use of symbols [11] , the prerequisite for the ®rst words that constituted a presyntactical protolanguage [12] ? An alternative view [5, 13] is that equivalence is a by-product of a child's ®rst experiences of indicating objects and speaking and hearing their names, and that stimulus naming plays a key role in equivalence class formation. Previously we have shown that links between names of stimuli may be suf®cient to mediate equivalence in adult subjects [14, 15] . This does not, however, constitute evidence that they are necessary. Correct transitive relations were more accurately and more quickly formed between nameable icons than between hard-to-name abstract stimuli. Teaching subjects individual names for abstract stimuli enhanced equivalence class formation [16] , though many subjects manifested equivalence without this. Sidman [17] suggests that names are just one type of discriminative responses the subject may make, forming part of the bag of discriminative stimuli, responses, and reinforcers, which together constitute the equivalence relationship.
Here we report the ®rst exploratory study of patterns of brain activation associated with equivalence. It was designed to shed light on possible underlying or mediating processes involved in stimulus equivalence. Nameable icons were employed, and brain activity during MTS tests of retrieval of previously trained relations, and of the emergence of the three types of equivalence relationships was compared with that in a control task involving repetition of simple identity MTS using a single asterisk stimulus. A retrospective comparison was made between subjects' level of correct performance on each MTS task and brain activity. The pattern of activity during MTS tests was also compared with that in a test of verbal¯uency (VF), shown in previous fMRI studies [18] to activate cortical language structures such as DLPFC and Broca's area.
MATERIALS AND METHODS
Subjects: This study was approved by the Ethics Committee of the Walton Centre for Neurology and Neurosurgery, and written informed consent was obtained from 12 healthy volunteers (®ve male, seven female, mean (AE s.d.) 2 age 27.6 AE 8.64 years). Eleven were right-handed, as assessed by the Edinburgh Handedness Inventory [19] , and one (no. 5) was strongly left-handed. She was excluded from the fMRI group analyses. All subjects either had normal vision or wore corrective contact lenses.
Matching to sample (MTS) training: Subjects were trained individually in the Psychology Department of the University of Liverpool. Each sat at a computer monitor with a three-button response console available to each hand. A Macintosh Hypercard program was used to present stimuli and record responses. The stimuli, 18 readily nameable icons from the Macintosh Mobile font (Fig. 1) , were sorted into six AB and six BC training pairs, avoiding any obvious semantic interconnections within each ABC set. A-B trained relationships were established in six blocks of trials. In the ®rst trial, a single A sample stimulus was presented on the screen for 2 s. Simultaneously, a row of six boxes was then presented. These contained the B comparison stimuli in a random array, which remained in view until one was selected by pressing the appropriate button. Visual and auditory feedback were used to inform the subject whether the response was correct, but no corrections were allowed, and the subject pressed the return key to initiate the sample for the next trial. On successive trials the six sample stimuli were presented in a different random order each time, with the same stimulus never being presented twice in succession. The block of trials continued until a criterion of 19 correct responses out of 20 successive trials was attained. A multi-stage error-free training procedure was employed (see [14] for details) in which only the correct comparison was used in the ®rst block of training. The other ®ve B stimuli (foils) did not appear. This enabled the rapid establishment of appropriate box-button correspondences and facilitated the learning of the correct A-B pairings. One foil (one of the other B stimuli, at random) was introduced in the second block of trials, and further foils added progressively in subsequent training blocks until in the sixth block the subject chose between all six B stimuli. The same procedure was then applied in six blocks of B-C training.
Subjects were then given a practice test run to prepare them for the tests to be conducted in the scanner. No feedback or knowledge of results was given on test trials. The run lasted 5 min and was divided into alternating 15 s periods, 10 periods in the off condition and 10 in the on condition. In the on condition MTS trials of A-B and B-C relations were intermixed, with all six of the appropriate comparison stimuli being presented on each trial. Onset of the next sample now occurred automatically, 1 s after each choice response. The off condition consisted of an identitymatching task which operated exactly like the MTS task except that the same stimulus, an asterisk, served both as sample and as the single comparison throughout. Switching between the off and on conditions was controlled by the clock, without regard to the stage in the cycle of trials or the subject's behaviour. There was no indication that this disrupted performance. fMRI tests were performed 3 days later.
MRI data acquisition: Imaging was performed using a 1.5 T LX/Nvi Neuro-Optimised MR imaging system (General Electric, Milwaukee, USA), which has 40 mT/m gradients. Functional images were 22 contiguous axial T2 Ã weighted gradient-echo echo-planar images (EPI) with TE 40 ms, TR 3 s,¯ip angle 908, 128 3 128 matrix, 24 cm FOV and slice thickness of 5 mm. The EPI volume encompassed the entire frontal, parietal and occipital lobes and the superior aspect of the temporal lobes.
Visual stimuli were presented to the subject in the scanner using a Macintosh computer and Epson LMP7300 liquid crystal display projector. A back-projection screen at the feet of the subject was viewed down the bore of the magnet using a combination of mirrors. Subjects responded using non-magnetic button boxes incorporating radio-frequency ®lters.
Each functional run consisted of 100 acquisitions of the EPI volume, and was divided into 20 epochs, each 15 s in length. Subjects performed the baseline (off) task in the ®rst 15 s epoch followed by the MTS experimental tests (on) in the second epoch. this off/on boxcar design was repeated for subsequent pairs of epochs.
Four MTS conditions were tested, in separate runs. The off task was the same as the practice run, and the on tasks were MTS tests, without reinforcement or feedback. The ®rst fMRI run tested the A-B and B-C trained relationships. In the second run, subjects were tested for symmetry i.e. their ability to form novel B-A and C-B relationships. In the third run, transitivity, the ability to form A-C relations, was tested. The fourth fMRI run tested equivalence i.e. symmetry and transitivity combined, with C samples and A comparisons. For each test, stimuli were presented in a counterbalanced, pseudo-random order so that each stimulus combination was tested as closely as possible with equal frequency.
Following the four MTS runs, the VF task was given. In the off task, subjects were required simply to ®xate on a central red dot on a grey background. During each on task, subjects were shown a (different) single letter. They were instructed to think of as many words as possible beginning with that letter, without overtly vocalizing them.
Finally a T1 weighted volume scan (IR-PREP: inversion recovery prepared gradient echo, TR 12.3 ms, TE 5.4 ms, TI 450 ms, matrix 256 3 192 pixels, FOV 20 cm, slice thickness 1.6 mm) was acquired. This encompassed the whole brain and provided high-resolution anatomical detail for each of the subjects.
Data analysis: Functional data were analysed using the statistical parametric mapping software (SPM99b) [20] . After motion correction, spatial normalisation to a standard template space, and spatial smoothing using a 6 mm Gaussian kernel, the data were analysed using a multivariate statistical model. Regions of the brain showing a haemodynamic response signi®cantly correlated with the on/off pro®le of the task were identi®ed. As the data were spatially normalized, both single subject and group statistical analyses could be performed.
for each condition (trained relationships, symmetry, transitivity, equivalence, verbal¯uency) statistical maps, thresholded at p , 0.05 (corrected), were calculated for each subject. Group analyses were performed for each of the MTS tasks on those subjects who had attained a criterion of success of at least 20 responses (out of a hypothetical maximum of 50) at least two-thirds of which were correct.
For transitivity, approximately half the subjects reached this criterion, and this allowed separate sub-group analyses of failed and successful subjects. The trained relationships data for the same two sub-groups were also analysed separately.
In-house software, mri3dX (www.liv.ac.uk/mariarc/ software.html), was used for visualization and analysis of the signi®cance maps in three dimensions, and to measure the extent of activity in regions of interest (ROIs) encompassing the frontal lobes and the posterior parietal lobes in left and right cerebral hemispheres. The ROIs were de®ned using appropriate rectangular volumes in Talairach space. The frontal lobe ROIs were de®ned as all parts of the brain anterior to the anterior commissure, and superior to the line joining the anterior and posterior commissures. Each of these rectangular volumes was then divided into left and right ROIs. For each ROI a laterality index (LI) was calculated: LI is À1 if activity within a ROI is completely left lateralized, and 1 if completely right lateralized.
RESULTS
Behavioural data: Table 1 shows, for each subject, the total number of responses, the percentage correct and the median latency of correct choices for all the on phases in each MTS test. All subjects attained criterion on trained relationships, but two of 12 failed symmetry, ®ve of 12 failed transitivity, and three of 11 failed equivalence.
Brain activation data:
The results of group analysis of the VF data for all 11 right-handed subjects are displayed in Fig. 2a . Activation was strongly left lateralized. The regions of signi®cant activation for VF are presented in Table 2 , and are indicated by probable Brodmann areas (BA), where appropriate. The principal regions were left DLPFC adjacent to the middle and inferior frontal gyri which are possibly BA 9, 44, 45, 46, and 10, plus Broca's area (BA 44/45). Activation was also present in left posterior parietal cortex (i.e. BA7 and BA40), extending to BA19 in occipital cortex. In addition, activation was detected in anterior cingulate cortex, insular and bilateral primary visual cortex (i.e. calcarine sulcus), the posterior superior temporal sulcus, medial frontal cortex, left caudate nucleus and thalamus/pulvinar. A small area on the border between the occipital, parietal and temporal lobes probably corresponds to visual motion area V5/MT.
MTS group analyses:
The results of the fMRI group analysis for the MTS tasks are also shown in Table 2 . Patterns of activation were similar to those for the VF task but with important differences. First, no activation of Broca's area was found in any of the MTS tasks. Second, activation in DLPFC and posterior parietal cortex was typically more bilateral, and in the case of the latter more widespread in all the MTS tasks than in the VF task. Furthermore, compared to VF, all the MTS tasks additionally produced activation in BA10 and failed to activate superior temporal sulcus.
Because of the dichotomy of subjects' scores on transitivity it was possible to make comparisons between subjects' activations on this task. The results of fMRI group analysis for the six successful and ®ve unsuccessful subjects are displayed in Fig. 2b and c, respectively . The successful subjects demonstrated a higher degree of left lateralisation in DLPFC compared to those who failed. Furthermore, activation in BA 10 was bilateral in the unsuccessful group and only present on the left in the successful group. Caudate activation was present only in the successful subjects and again this was left lateralised. In addition, patterns of activation identical to those above were found in the data for the trained relationships condition when subjects were allocated to the same sub-groups as above and reanalysed.
Relationship of laterality indices to behavioural measures:
Individual subjects' frontal lobe LIs were compared with performance for trained relationships, symmetry, transitivity and equivalence. There were signi®cant correlations (Pearson's product moment) between the degree of left lateralisation of activity in the frontal cortex and percentage accuracy of responses for trained relationships (r À0.724, p , 0.05), transitivity (r À0.790, p , 0.01) and equivalence (r À0.793, p , 0.01), but not symmetry. Lateralization of frontal activity also correlated signi®cantly with response latencies in the tests of transitivity (r À0.930, p , 0.01) and equivalence (r À0.655, p , 0.05) with the more left-lateralized subjects responding most rapidly.
No corresponding relationships were identi®ed for parietal lobe activation.
DISCUSSION
The similarity between the patterns of DLPFC activation for the MTS and VF tasks, including the association between left lateralization and MTS performance, accord well with a linguistic basis for equivalence. However, the lack of involvement of Broca's area in the MTS tasks gives no support to the simple behaviourist view that mediation of stimulus equivalence relationships occurs when the subject either overtly or covertly says the name [13] .
Left and right DLPFC have been implicated in conditional associative responding [21] , and in the hemispheric encoding/retrieval asymmetry (HERA) model [22] . Activation in part of BA 10 was seen in symmetry, transitivity and equivalence tests but not in trained relationships. One of the basic tenets of the HERA model is that semantic encoding of stimuli by humans involves BA10 in left prefrontal cortex, as well as areas 45, 46, and 47. Other studies [23] have shown that activation of left PFC is evident on tasks involving retrieval of information from semantic memory, such as generating an appropriate verb when presented with a noun, making semantic judgements about words, or stem completion tasks. The general pattern of activation found in the present study indicates that those individuals who performed successfully on tests involving transitivity employed semantic mnemonic structures to mediate correct choice of comparisons. This accords with the subjects' own accounts in debrie®ng.
It is also possible that increased bilateral DLPFC activity is associated with the greater task dif®culty experienced by those not attaining equivalence. This increase in cognitive load may involve activation of a greater number of voxels [24] , together with over¯ow of activity from the left frontal lobe to homotopic areas on the right [25] . Alternatively, according to HERA, different types of processing may have occurred in these subjects, with greater right DLPFC activity indicating a reliance on episodic rather than semantic memory.
Because the response latencies varied as a function of the type of task, and the onset of the next trial was subjectpaced (scheduled to follow automatically 1 s after each response, unless the 15 s timer supervened), the mean number of completed trials per 15 s episode was necessarily greater for the easier on tasks (trained relationships and symmetry) than for the harder ones (transitivity and equivalence; see Table 1 ). Inevitably comparisons of brain activation across these tasks involved both different numbers of trials, as well as different proportions of correct and incorrect responses, both within and between subjects. A clock-paced rather than a subject-paced rate of presentation could have been imposed to hold the number of trials constant, but at whatever rate this was set, either, on harder tasks, more slower responses (correct and incorrect) would have been pre-empted by the onset of the next trial, and/or, during easier types of trial, subjects would have experienced longer periods of inactivity. This would appear to be a general problem of methodology, since an inverse relationship between speed and dif®culty is intrinsic in many cognitive tasks. The self-paced design seemed to be on balance the fairest way of comparing patterns of ongoing brain activation whilst engaging in different types of task. There are also some within-task disparities. Longer response latencies are typically associated primarily with the early correct responses during the emergence of transitivity [16] , and a sharp reduction in choice times after the ®rst few responses was found in the present study. Using a simple block-design paradigm, we were unable to investigate the change in cortical activity associated with this reduction in latency. An event-related fMRI procedure would be needed to study these transient changes, and the concomitant patterns of brain activity. The off task was designed to cancel out many of the perceptual and motor components of the MTS task incidental to the formation of equivalence relations. It also enabled us to monitor any motivational fall-off due to fatigue or claustrophobia. All subjects maintained a high level of speed and accuracy on the identity matching throughout the experiment. We will explore a set of control tasks postulated to involve other operations crucial to performance, and patterns of activation with less nameable stimuli, in future fMRI studies on stimulus equivalence.
